The epithefium of the Spemann organizer plays an important role in embryonic axis formation and transplantation experiments have shown that epithelial organizer cells have potent axis-inducing potential. Known axis-inducing molecules like noggin and chordin are not expressed in the epithelium and cannot account for its inductive properties. Xwnt-11 is expressed in the epithelium but has only poor dursalizing activity. In an expression screen for genes that are able to functionally cooperate with Xwnt-ll we have identified a cDNA encoding Xenopus nodal-related 3 (Xnr3), a member of the TGF~8 family, coexpressed with Xwnt-ll in the organizer epithelium. Xwnt-11 and Xnr3 act highly cooperatively in inducing secondary embryonic axes and dursalizing ventral mesoderm. Xwnt-11/Xnr3 interfere with BMP signalling without themselves inducing chordin or noggin. The results indicate that induction by the organizer epithelium may result from the combinatorial action of instructive Xnr3 and permissive Xwnt-ll signalling.
Introduction
The Spemann organizer plays a key role in the formation of the embryonic axis in vertebrate embryos. In the Xenopus gastrula it consists of two different tissues. The epithelial layer that will develop into archenteron roof and the deep cells, which can be further subdivided into involuting marginal zone cells that will develop into chordamesoderm and prospective head mesodermal cells (Keller, 1975 (Keller, , 1976 . Transplantation and explantation experiments have shown that the two layers, epithelial layer and deep cells, differ in their properties. The tTansplantation of as little as 20 epithelial cells into the ventral side of a gastrula host embryo is sufficient to induce a secondary embryonic axis that extends and contains segmented somites. This suggests the presence of very potent inducers in the epithelial layer. Transplantations of deep cells are also potent in inducing secondary embryonic axes but they do not extend well and the somitic meso-derm is disorganized and unsegmented. When entire organizer explants are cultured in isolation they will converge and extend, mimicking the gastrulation movements of the gastrula mesoderm. If the epithelium is removed, the explants fail to extend, suggesting that the epithelium plays a role in conferring the migrating behaviour of the deep cells (Shih and Keller, 1992) .
The secreted proteins noggin and chordin are active in inducing secondary embryonic axes and have been implicated in organizer signalling. However, they are expressed in deep cells of the organizer (Smith and Harland, 1992; Sasal et al., 1994) and thus are unlikely to account for the properties of the epithelial layer.
Xwnt-11 is a secreted protein of the wnt-family that is expressed in the epithelium of the Spemann organizer (Ku and Melton, 1993) . However, signalling of Xwnt-ll alone is unlikely to explain the potent axis inducing activity of the epithelial layer as Xwnt-ll mRNA microinjections have revealed only weak axis-inducing activity and only at very high doses (Ku and Melton, 1993; Duet al., 1995) .
Overexpression of wnt genes by mRNA injection in Xenopus has revealed two different classes (Cui et al., 1995; Duet al., 1995) . mouse wnt-1, chicken wnt-8 and Drosophila wingless define a first class. Their injection into Xenopus embryos leads to duplication of embryonic axes. In contrast, injection of mRNA of genes of the second class, including Xwnt-4, Xwnt-5A and Xwnt-ll, is unable to induce secondary embryonic axes, yields weak UV-rescue and inhibits elongation of activin-induced animal caps (Du et al., 1995) . While the first class is thought to act via a canonical wntpathway, that involves dishevelled, fl-catenin/plakoglobin and glycogen synthase kinase and is attributed to Nieuwkoop center-like signalling (Dominguez et al., 1995; Guger and Gumbiner, 1995; He et al., 1995; Karnovsky and Klymkowsky, 1995; Pierce and Kimelman, 1995; Rothbacher et al., 1995; Sokol et al., 1995) it is unknown what the physiological roles and the downstream effectors of the second wnt class are. Since members of the wnt family are commonly very potent inducing molecules we speculated that Xwnt-11 may require cofactors for its function in the organizer epithelium.
To identify genes that are able to cooperate with Xwnt-11 we modified the expression cloning approach pioneered by Harland and colleagues (Smith and Harland, 1991) . Using this modified approach we have identified Xenopus nodal related 3 (Xnr3) which is a member of the TGF-fl family coexpressed with Xwnt-11 in the organizer epithelium and shows high cooperativity in combination with Xwnt-ll to induce secondary embryonic axes.
Results

Expression cloning of Xnr3
A cDNA library was prepared from Xenopus neurulae that were dorsalized with LiC1. This plasmid library was used as source of cDNA pools which were tested by embryo microinjection. Synthetic mRNA from pools of 750 cDNAs was microinjected into the ventral side of fourcell stage embryos. Pools of mRNA that on their own were inactive in inducing secondary axes were selected and coinjected with non-effective doses of Xwnt-11 mRNA. Several pools were active after coinjection with Xwnt-ll. A cDNA was cloned from the pool with strongest activity by sib selection. When the size of the pool containing the strongest activity was reduced to 30 clones, the microinjected mRNA also became active in the absence of Xwnt-ll coinjections, with embryos showing protrusions and secondary embryonic axes. An individual cDNA cooperating with Xwnt-11 was isolated and the DNA sequence of this clone revealed 98% identity to Xenopus nodal-related 3 (Xnr3), a member of the TGF-fl family. This gene was previously cloned in a screen for genes able to rescue UV-ventralized embryos and shown to be expressed in the organizer epithelium (Ecochard et al., 1995; Smith et al., 1995) . In situ hybridization (Fig. IA) shows that Xwnt-11 and Xnr3 are coexpressed in the epithelial layer of the organizer. At (Ku and Melton, 1993; Ecochard et al., 1995; Smith et al., 1995) . Fig. 1B shows the result of quantitative RT-PCR analysis of expression of Xnr3 and X w n t -l l as well as of known axis inducing molecules in dissected organizer epithelium and deep cells. are selectively coexpressed in the organizer epithelium.
Xnr3 and Xwnt-l l combinatorially induce organizer cells
When mRNA of and Xnr3 was coinjected in the ventral side of four-cell embryos, secondary axes, which lacked heads, were induced at high frequency ( Fig.  2A-D) , in some experiments up to 100%. The lowest effective dose was 2 pg of Xnr3 and 25 pg of Xwnt-ll coinjected mRNA. Neither Xwnt-ll nor Xnr3 alone or in combination with preprolactin (PPL) control mRNA were able to elicit this degree of response. Injection of rarely induced secondary axes. Even at the highest dose of X w n t -l l employed (2500 pg) only 13% secondary axes were formed (Fig. 2D ) while the majority of embryos showed no specific abnormalities. Microinjection of Xnr3 alone elicited no secondary axes at 50 pg. However, at 250pg, corresponding to a 100-fold excess over the minimal dose effective in combination with Xnr3 was morphogenetically active, inducing protrusions, head defects and secondary axes (Fig. 2D) , as shown previously . These results indicate that (a) Xnr3 and Xwnt-11 act combinatorially in inducing secondary embryonic axes and (b) that high doses of Xnr3 but not Xwnt-ll alone do elicit substantial phenotypes.
Lineage tracer experiments show that Xwnt-lllXnr3 coiqjected cells behave like organizer, populating the axis and not like Nieuwkoop center cells. Embryos were donble-injected with mRNA and the lineage tracer Fluorescein-I)extran into one blastomere and RhodaminDextran without mRNA into the adjacent blastomere and secondary embryonic axes were analyzed by histology. Descendants of Xwnt-lllXnr3-injected blastomeres (green) give rise predominantly to muscle and are able to recruit neighboring (red) cells which give rise to muscle and neural tissue into the secondary axis (Fig. 3A) . To test for Nieuwkoop center signalling, ventro-vegetal D4-injections were carried out at the 32-cell stage. This also induced secondary axes (72%; n = 18) but the injected cells always contributed in large proportion to the secondary axis giving rise to muscle as is characteristic for organizer, but not Nieuwkoop center cells (not shown).
The secondary axes induced by individual injection of Xwnt-ll and Xnr3 mRNA as well as by coinjection of both mRNAs were incomplete, lacking normal head structures and notoehord. Embryos were analyzed by histology as well as by immune-wholemount staining using the notochord specific antibody MZ15 and none showed mature notochord in the secondary axes (n = 9; not shown). However, colloidal gold lineage tracing (Niehrs and De Robertis, 1991) revealed the presence of what appeared to be immature notochord, a thin rod of intercalating cells ventral of the somites (Fig. 3B) , as is found after organizer epithelium transplantation (Shih and Keller, 1992) .
To test whether Xwnt-lllXnr3 microinjection can indeed confer axis-inducing potential to epithelial cells, we carried out epithelial transplantations. The epithelial layer loo m. a n . of the organizer or of ventral marginal zones injected with Xwnt-11/Xnr3 m R N A was transplanted to the ventral side of a host embryo in which the epithelial layer was removed. Organizer epithelial transplants were as potent as Xwnt-lllXnr3-injected ventral epithelial transplants in inducing secondary embryonic axes (Fig. 4) . W e conclude that Xwnt-lllXnr3 injection can confer the biological properties of the organizer epithelium to nonorganizer epithelium.
Xnr3 and Xwnt-l l combinatorially dorsalize ventral mesoderm
To test if Xwnt-ll/Xnr3 induce mesoderm, animal caps from injected embryos were assayed by R T -P C R for the expression of the mesodermal marker genes Xbra and cardiac actin. judged by the absence of Xbra and cardiac actin expression. However, N-CAM was expressed in animal caps that received Xnr3 alone or in combination with Xwnt-ll, suggesting that Xnr3 has neuralizing activity that is independent of Xwnt-11.
To test the effect of Xwnt-ll/Xnr3 on ventral mesoderm, ventral marginal zones (VMZ) were explanted from embryos coinjected with Xwnt-l l and Xnr3 and analyzed by RT-PCR for expression of marker genes (Fig. 5B) . gsc, which is predominantly expressed in deeper cells fated for head mesoderm and notochord (Cho et al., 1991) was induced in VMZ at the gastrula stage but expression was not maintained at later stages (not shown), noggin and chordin were not induced by Xwnt-lllXnr3 injection, which rules out the possibility that the effects of Xwnt111Xnr3 are due to induction of these known dorsalizing factors. Xnot, a gene expressed in cells adjacent to the organizer epithelium fated for notochord (Gont et al., 1993; yon Dassow et al., 1993) was induced after microinjection as was the muscle marker cardiac actin (Mohun et al., 1984) . Concomitantly, the expression of the ventral marker BMP-4 (Dale et al., 1992; Jones et al., 1992) was downregulated, although expression of putative BMP-4 mediators Xvent-1 and Xvent-2 (Gawantka et al., 1995; Onichtchouk et al., 1996; Papalopulu and Kintner, 1996; Schmidt et al., 1996; Tidman-Ault et al., 1996) was unaffected at this late stage (data not shown). Thus, XwntlllXnr3 injection dorsalizes ventral mesoderm. Dorsalization of VMZ and neuralization of animal caps is characteristic for genes that are able to antagonize the BMP-4 pathway (Lamb et al., 1993; ReemKalma et al., 1995; Sasai et al., 1995; Smith et al., 1993) . To test whether Xwnt-lllXnr3 can interact with the BMP-4 pathway we tested if overexpression of Xmad-I mRNA, a gene acting downstream in the transduction of BMP signalling (Graft et al., 1996) could rescue secondary axis formation induced by Xwnt-111Xnr3. Table 1 shows that this i.s indeed the case and suggests that Xwnt-lllXnr3 act by antagonizing BMP signalling.
To test if wnt-lllXnr3 need to be expressed in the same cell for cooperation to take place, 5 pg Xnr3 was microinjected into the left ventral blastomere and 50 pg Xwnt-11 mRNAs into the right ventral blastomere of Four-ceil-stage embryos were microinjected into two opposite ventral blastomeres each with 25pg Xwnt-11 and 5pg Xnr3 or with 600pg Xmad.l mRNA as indicated. To assay for ventralization by Xmad-I alone, it was microinjected in all four blastomeres at the four cell stage (Xmad-l*). The number of embryos with secondary axes or with ventral pbenotype (no axis, small or no beads, absence of cement gland) was scored after 24 h and is indicated in (%); 2 batches of embryos were analyzed; n, number of embryos injected. pg CMV-activin plasmid DNA or a combination as indicated. Secondary axis formation was scored after 24 h and is indicated in (%); n, number of embryos injected. Four embryo batches were analyzed. Gene expression attained by plasmid injection is generally not very efficient due to the mosaic nature of expression. This likely contributes to the lower frequency of secondary axis observed compared to mRNA injections.
eight-cell embryos. This injection into adjacent blastomeres was also effective in eliciting secondary axes (24%, n = 25) while each individual mRNA alone was ineffective (0%, n = 20 Xnr3, 0%, n = 16, Xwnt-11). The fact that cooperation between Xwnt-11 and Xnr3 can occur extracellularly indicates that their synergism involves the mature proteins and does not require a common intracellular step.
growth factor. Consistent with this, we find that microinjection of CMV-activin DNA fails to generate secondary embryonic axes (Table 2) . However, the competence to form secondary embryonic axis is maintained after MBT if CMV-activin is coinjected with Xwnt-ll mRNA. The maintenance of VMZ competence by Xwnt-ll to respond to activin suggests that Xwnt-11 may function permissively by opening an instructive TGF-fl pathway which is otherwise closed after MBT.
While activin is able to synergize with Xwnt-ll, the three axis-inducing factors chordin (Sasai et al., 1994) , Xwnt-8 (Smith and Harland, 1991; Sokol et al., 1991) and plakoglobin (Fouquet et al., 1992; Karnovsky and Klymkowsky, 1995) were not able to significantly cooperate with Xwnt-11 nor with Xnr3 (Table 3 ). Since ectopic Xwnt-8 is thought to activate the canonical wnt-pathway via fl-catenirdplakoglobin (Kimelman et al., 1992; Dominguez et al., 1995; Guger and Gumbiner, 1995; He et al., 1995; Pierce and Kimelman, 1995; Rothbacher et al., 1995; Sokol et al., 1995) 
A TGF-fl response element is required for combinatorial induction for Xnr3 /Xwnt-11 signalling
Cooperation with other genes
The effect of expressing Xnr3 after midblastula transition (MBT) was investigated by microinjection of plasmid DNA (CMV-Xnr3) in which the gene is under the control of the CMV-promoter which becomes active after MBT. Microinjection of CMV-Xnr3 yielded secondary embryonic axes efficiently only after coinjection with Xwnt-ll (Table 2 ). This indicates that ectopic Xnr3 can function at the time of its normal expression in combination with
Xwnt-11.
It has been shown that the VMZ loses its competence after MBT to become dorsalized in response to activin , which, like Xnr3, is a TGF-fl type To further test the possibility of Xwnt-11 functioning permissively, the expression of gsc promoter reporterconstructs was analyzed. The wild type construct p226 contains both, a wnt-(Xwnt-8) responsive proximal element (PE) and a TGF-fl (activin, vg-1) responsive distal element (DE). In construct pM4 the TGF-fl response element is mutated and thus no longer responds to activin but to wnt signalling . Fig. 6 shows that after microinjection luciferase is expressed from both constructs in dorsal but not ventral explants. Combined, but not individual injection of Xwnt-11 and Xnr3 mRNA results in luciferase activity when p226 is used in VMZ explants (Fig. 6, p226) . In contrast, pM4, which contains the mutated activin-responsive element, is hardly acti- vated by combined Xwnt-lllXnr3 in VMZ explants (Fig.  6, M4 ). Unlike Xwnt-ll, Xwnt-8 alone is able to activate luciferase in both constructs, confn'ming the data of Watabe et al. (1995) who demonstrated that Xwnt-8 alone is able to activate luciferase in M4 and acts via a canonical wnt-pathway . These results indicate that (a) the Xwnt-111Xnr3-induced response requires a TGF-fl response element and (b) neither Xwnt-ll alone nor in combination with Xnr3 activates the 'wntresponsive' proximal element of the gsc promoter.
Discussion
Combinatorial signalling by Xwnt-I I/Xnr3-in the organizer epithelium
The transplantation of 20-30 cells of organizer epithelium to the ventral side of Xenopus gastrulae is sufficient to induce a secondary axis in the host, indicating the presence of very potent inducers in this tissue. These secondary axes are incomplete, containing immature notochord and lacking head structures (Shih and Keller, 1992) . The results presented show that Xwnt-ll and Xnr3 are extremely potent in eliciting the same response when coexpressed on the ventral side or specifically in ventral epithelium, while any one expressed alone is a poor inducer. Since both genes are specifically expressed in the epithelium of the organizer the results argue that induction by this epithelium results from the combinatorial action of Xwnt-11 and Xnr3 signalling. The dorsalizing and neuralizing activity of Xwnt-111Xnr3 signalling is similar to that described for chordin and noggin. However, these two secreted proteins are predominantly expressed in the deep cells (Smith and Harland, 1992; Sasai et al., 1994; Fig. 1B) and are thus unlikely to explain the particular activities of the epithelial layer (Smith and Harland, 1992; Sasai et al., 1994) . Combinatorial Xwnt-lllXnr3 signalling thus provides an explanation for induction by organizer epithelium in the absence of noggin and chordin expression.
Molecular basis of Xwnt-l l/Xnr3-synergism
A characteristic of the organizer signalling molecules chordin and noggin, that are both dorsalizing ventral mesoderm as well as inducing neural tissue, is that they act by antagonizing BMP signalling ReemKalma et al., 1995; Sasai et al., 1995) and do so by directly binding and neutralizing BMP proteins (Piccolo et al., 1996; Zimmerman et al., 1996) . Xwnt-IHXnr3 share these characteristics and they are able to interact with the BMP signalling pathway, without themselves inducing neither noggin nor chordin. A direct binding of either Xnr3 or Xwnt-I 1 proteins to BMP proteins is unlikely, since either gene alone is a very poor dorsalizer. The formation of heteromeric Xwnt-ll/Xnr3 protein complexes which are able to sequester BMP proteins is a formal possibility to explain their dorsalizing effect. More likely however, Xwnt-ll/Xnr3 antagonize BMP signalling downstream of BMP-receptor binding. That Xwnt-11/Xnr3 signalling occurs by a mechanism different from that of noggin/chordin action is also suggested by the observation that the latter two factors induce head structures and notochord, while Xwnt-11/Xnr3, like bona fide epithelial transplants, only induce incomplete axes.
What may be the mechanistic basis of the Xwnt1HXnr3-growth factor cooperation?
The observations made are most compatible with a model in which Xnr3 acts as instructive signal activating a TGF-/~ pathway, while Xwnt-ll acts as a permissive factor that allows this signalling to occur: the requirement of the Xwnt-lHXnr3-induced response for a TGF-/~ response element, the observation that Xwnt-ll alone cannot activate the gsc promoter unlike Xwnt-8, the maintenance by Xwnt-]l of competence in VMZ for dorsalization by activin and the fact that Xnr3 but not Xwnt-ll alone does show strong morphogenetic activities at high dose. A simplified model of Xwnt-ll/Xnr3-signalling is shown in Fig. 7 . writ family members have been shown in Xenopus to consist of two different classes that can be distinguished notably by their axis-inducing potential (Duet al., 1995) . Xwnt-ll is member of the class that is a poor axis inducer. The failure of Xwnt-8 or plakoglobin to synergize with Xnr3 as well as the inability of Xwnt-11/XNR3 to activate a promoter element which is activated by the canonical wnt-pathway indicates that Xwnt-ll has a mechanism of action which is clearly distinct. The strong synergism revealed between Xwnt-ll and Xnr3 raises the possibility that the activity of this class may be more generally to provide a synergistic component for a TGF-fl type signal. A hallmark of Xnr3 mRNA microinjection is the induction of protrusions in the absence of tissue differentiation at higher concentrations. These protrusions have been interpreted as mimicking convergent extension movements as are typically observed for ventral mesoderm . However, protrusions occur long after convergent extension of mesoderm takes place. We have observed protrusions only at Xnr3 mRNA doses at least 100-fold higher than those required to initiate secondary axes together with Xwnt-ll. Furthermore, even at high doses of Xnr3 mRNA, protrusion formation was largely suppressed in the presence of coinjected Xwnt-ll (A. Glinka and C. Niehrs, unpublished observation) . Therefore, although protrusion formation is an interesting phenomenon and diagnostic for Xnr3 signalling its physiological significance remains unclear at present. Xnr3 is clearly able to induce a potent response on its own but in the absence of Xwnt-ll expression, the dose required is much higher and the response may be misdirected. Non-physiological effects of Xnr3 at high dose may also explain why the dose-response curve shown in Fig. 2D does not plateau but instead shows a maximum of secondary axis formation.
In Drosophila a cooperation between the TGF-fl type growth factor decapentaplegic (dpp) and wingless (wg) has been observed in the development of the appendages Diaz-Benjumea and Cohen, 1994) . Here, dpp and wg-expressing cells are juxtaposed and synergistic induction occurs at their interface. In Xenopus, growth factor synergism between an activin-like activity and Xwnt-8-1ike activity has been invoked in the induction of dorsal mesoderm Kimelman et ai., 1992) . According to the model, an activin-like activity would induce mesoderm and a wnt class competence modifier would be capable of producing dorsal mesoderm. This model is supported by the requirement of gsc induction for both, activin and Xwnt-8 type signalling (Ku and Melton, 1993; Du et al., 1995; Smith et al., 1995; Watabe et al., 1995) . In no case of the described growth factor synergisms it is clear whether the interaction takes place at the level of the molecules themselves, their receptors, downstream effectors or nuclear target genes.
It is important to distinguish activin/Xwnt-8 synergism described above from the Xwnt-11/Xnr3 synergism. Activin/Xwnt-8 synergism acts in inducing dorsal mesoderm de novo via the canonical wnt-pathway (including placoglobin/fl-catenin) (Dominguez et al., 1995; Guger and Gumbiner, 1995; He et al., 1995; Karnovsky and Klymkowsky, 1995; Kimelman et al., 1992; Pierce and Kimelman, 1995; Rothbacher et al., 1995; Sokol et al., 1995) and can activate the proximal element of the gsc promoter Watabe et al., 1995; Fig. 6 ). The result is a complete secondary embryonic axis containing notochord. Injected cells act like a Nieuwkoop center (Smith and Harland, 1991) . In contrast, Xwnt-11/Xnr3-signalling does not induce but dorsalizes preexisting ventral mesoderm, does not involve placoglobin/fl-catenin and cannot activate the proximal element of the gsc promoter. The result is a partial secondary embryonic axis lacking a mature notochord. Injected cells act like an organizer.
Thus, our data reveal that wnt-signalling in organizer function may not only occur by an instructive mechanism involving a distinct wnt-responsive element, employing the canonical wnt pathway and leading to de novo organizer induction but also by a permissive pathway that makes cells competent to respond to a TGF-fl growth factor and leads to dorsalization of ventral mesoderm. Since activin is also able to cooperate with Xwnt-ll, TGF-fl type growth factors in general may be cooperating with Xwnt-11. Based on coexpression, candidates for other TGF-fl type growth factors cooperating with Xwnt-11 are maternally expressed vg-1 (Rebagliati et al., 1985) , and Xnrl and Xnr2 expressed in the organizer (Jones et al., 1995) . However, as we have shown, expression need not be in the same cell but could be in adjacent cells and still lead to cooperation.
Materials and methods
Embryos, explants and transplants
In vitro fertilization, embryo culture, staging, microin-jection, colloidal gold lineage tracing and culture of marginal zone explants and animal caps were carried out as described (Niehrs and De Robertis, 1991) . Epithelial transplants of about 100 cells were carried out in Ix Barth using eyebrow tools and embryos were subsequently cultured in 0.1x Barth.
nized on ice in 50 pl of 50 mM Tris-HCl (pH 7.5). The centrifuged extract was used for measurement of luciferase activity (de Wet et al., 1987) and protein content using the BCA-1 kit (Sigma).
RT-PCR assays
Expression screening
A plasmid eDNA library was constructed in pRN3 vector using stage 13 polyA + RNA from LiCl-treated embryos as described (Lemaire et al., 1995) . Synthetic capped mRNA was prepared from pools of approximately 750 clones using the Ambion kit with the following modification: after DNase treatment of 5/~1 of reaction mixture, 0.5/~1 of 0.5 M EDTA (pH 8.3) was added. This solution was purified by a spin column. Each column contained 60 pl of SP Sephadex C-25, loaded on top of 70/~1 of Sephadex G-50 equilibrated with injection buffer (88 mM NaCI, 1 mM KCI, 15 mM Tris--HC1, pH 7.5, 0.1 mM EDTA) and prespun 4 min 1500 x g. The Xwnt-11 clone (pRNXwnt-ll) used in this study was isolated from the above library and is also in pRN3. mRNA (5 rig) was microinjeeted into the ventral side of four-cell stage embryos with or without 25 pg Xwnt-11 mRNA. Embryos were scored for secondary embryonic axes the next day. The pool most active in combination with Xwnt-ll was analyzed by sib selection (Lemalre et al., 1995) . The Xnr3 clone isolated is referred to as pRNXnr3.
Constructs
pCMV-Xnr3 was constructed by subcloning fulllength Xnr3 KpnI-EcoRI of pRN3-Xnr3, into KpnIEcoRI-cut pCMV2 vector, pCMV-activin was construtted by subcloning a PvulI-blunt fragment of pBSactivin (Thomsen et al., 1990) , containing full-length activin, into SmaI-cut pCMV2 vector. A full-length chordin clone was isolated from the stage 13 pRN3 plasmid library, pRNchordin, pRNXnr3 and pRNXwnt-11 plasmids were linearized with SfiI and transcribed with T3 RNA polymerase, placoglobin (Fouquet et al., 1992) was linearized with NotI and transcribed with T3 RNA polymerase, pSPXwnt-8 (Sokol et al., 1991) was linearized with BamHI and transcribed with SP6 RNA polymerase. pCSXmad-1 (kind gift of D. Huylebroeck) was linearized with Asp 718 and transcribed with SP6 RNA polymerase. pRNPPL (preprolactin control) was cloned by inserting a HindIII-PstI fragment of pSP35T containing full-length preprolactin (Amaya et al., 1991) in pRN3. pRNPPL was linearized with SfiI and transcribed with "I"3 RNA polymerase.
Luciferase assay
Four to five VMZ or DMZ explants were homoge-RT-PCR assays were carried out in the exponential phase of amplification as described (Gawantka et al., 1995) . Additional primers employed were Xbra (upstream: TGAGTCACAGCACGGGAAC-ACC; downstream: GATGAAAGCCTGGAATGTGC-CG; 268 bp); chordin (Sasai et al., 1994) 
